We have used stopped-flow and rapid chemical quench-flow methods to investigate the kinetics of the early steps during transcription initiation by bacteriophage T7 RNA polymerase. Most promoters of T7 RNA polymerase initiate with two GTPs. The kinetics of GTP binding was investigated by monitoring the fluorescence changes resulting from GTP binding to polymerase and fluorescent 2-aminopurine-containing promoter DNA complex. Scheme 1 was determined from studies of T7 ⌽10 promoter at 25°C, where (E⅐D) n represents the polymerase⅐DNA complex in different conformations. GTP E and GTP I represent the elongating and initiating GTP molecules incorporated at the ؉2 and ؉1 positions, respectively. Our studies show that GTP at the elongation site binds with at least 10-fold tighter affinity than the GTP at the initiation site. Two conformational changes were revealed upon GTP binding to the polymerase⅐2-aminopurine DNA complex. The first conformational change occurred upon GTP binding to the elongation site. This conformational change was reversible, and studies with partially melted DNA and incorrect NTPs suggested that it may represent a DNA melting and/or base pairing step. A second rate-limiting conformational change whose rate was same as the maximum rate of pppGpG synthesis occurred after two GTPs were bound. As with DNA polymerases, this rate-limiting conformational change probably occurs at each NMP incorporation event and may be involved in proper positioning of the initiation and the elongating GTPs within the polymerase active site to achieve efficient and accurate RNA synthesis.
We have used stopped-flow and rapid chemical quench-flow methods to investigate the kinetics of the early steps during transcription initiation by bacteriophage T7 RNA polymerase. Most promoters of T7 RNA polymerase initiate with two GTPs. The kinetics of GTP binding was investigated by monitoring the fluorescence changes resulting from GTP binding to polymerase and fluorescent 2-aminopurine-containing promoter DNA complex. Scheme 1 was determined from studies of T7 ⌽10 promoter at 25°C, where (E⅐D) n represents the polymerase⅐DNA complex in different conformations. GTP E and GTP I represent the elongating and initiating GTP molecules incorporated at the ؉2 and ؉1 positions, respectively. Our studies show that GTP at the elongation site binds with at least 10-fold tighter affinity than the GTP at the initiation site. Two conformational changes were revealed upon GTP binding to the polymerase⅐2-aminopurine DNA complex. The first conformational change occurred upon GTP binding to the elongation site. This conformational change was reversible, and studies with partially melted DNA and incorrect NTPs suggested that it may represent a DNA melting and/or base pairing step. A second rate-limiting conformational change whose rate was same as the maximum rate of pppGpG synthesis occurred after two GTPs were bound. As with DNA polymerases, this rate-limiting conformational change probably occurs at each NMP incorporation event and may be involved in proper positioning of the initiation and the elongating GTPs within the polymerase active site to achieve efficient and accurate RNA synthesis.
The initiation of RNA synthesis is a critical process of transcription during which the RNA polymerase recognizes and binds to a specific promoter sequence, opens the dsDNA 1 promoter, and catalyzes RNA synthesis at a specific initiation site using rNTP substrates. It is known that the regulation of gene expression can be brought about by regulating the efficiency of transcription initiation. A number of intrinsic factors govern the efficiency of transcription initiation such as the promoter sequence, the rates and equilibrium constants of promoter opening steps, initiating and elongating NTP binding steps, and RNA synthesis steps during initiation. Whereas the study of the kinetics and thermodynamics of the promoter binding during transcription initiation has been a subject of numerous investigations (1, 2) , very little is known about the details of the steps following promoter binding.
Bacteriophage T7 RNA polymerase, the subject of this study, is a 98-kDa single subunit enzyme that contains all of the activities necessary for the initiation, elongation, and termination of RNA synthesis (3, 4) . Previous kinetic studies have shown that both initiation of RNA synthesis and promoter clearance are slow relative to the elongation of RNA (5). The efficiencies of both processes therefore govern the overall yield of full-length RNA products. Both the initiation of RNA synthesis and promoter clearance are complex multistep processes, whose individual steps have not been characterized yet. We and others have shown that binding of the polymerase to small synthetic promoter DNAs occurs at close to the diffusionlimited rate constant, and the promoter opening step is fast relative to the rate of initiation (1, 2, 5) . Thus, synthesis of RNA during transcription initiation, at least at a strong T7 promoter such as the ⌽10 promoter, appears to be limited by a step between promoter opening and pppGpG formation (5) . It has been difficult to quantitate by direct means the interactions of the polymerase with the initiating and elongating rNTPs because of the lack of sensitive methods available to measure the kinetics of NTP binding.
In this paper, we report stopped-flow kinetic studies that have allowed us to quantitate the transient interactions of the NTPs during initiation. Binding of GTP to polymerase⅐2-AP DNA complex resulted in time-dependent changes in the fluorescence of 2-AP, which allowed us to dissect the kinetic pathway of initiating and elongating GTP binding and the kinetics of RNA synthesis during initiation as shown in Scheme 1. Our results show that the elongating GTP binds with at least 10-fold tighter K d compared with the initiating GTP. The binding of GTP at the elongation site was accompanied by a fast fluorescence change that we believe represents a step involved in proper base pairing of GTP with the template DNA and/or DNA melting. A second fluorescence change occurred after both the initiating and the elongating GTP molecules were bound. This fluorescence change was limited by a step that may represent a rate-limiting conformational change occurring prior to phosphodiester bond formation reaction to yield the first RNA product, pppGpG, and this step appears to be analogous to the one proposed in many DNA polymerases (6 -9) .
EXPERIMENTAL PROCEDURES
T7 RNA Polymerase Purification-T7 RNA polymerase was purified as described before (5) . Three chromatographic columns consisting of SP-Sephadex, CM-Sephadex, and DEAE-Sephacel (all purchased from Sigma Chemical Co.) were used to purify the RNA polymerase from Escherichia coli strain BL21/pAR1219 (10) . The polymerase was Ͼ95% pure as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and densitometry. The purified enzyme was stored in buffer (20 mM sodium phosphate, pH 7.7, 1 mM Na 3 -EDTA, and 1 mM dithiothreitol) containing 100 mM NaCl and 50% (v/v) glycerol at Ϫ80°C. The enzyme concentration was calculated from its absorbance at 280 nm and molar extinction coefficient of 1.4 ϫ 10 5 M Ϫ1 cm Ϫ1 (11) . Synthetic Oligodeoxynucleotides-Normal and 2-AP promoter DNAs were synthesized on a Millipore nucleic acid synthesis system 899 as described previously (1). 2-AP CE phosphoramidite (Glenn Research Corp.) was used at positions Ϫ3, Ϫ1, and ϩ4 for ⌽10 nontemplate strand and at positions Ϫ4 and Ϫ2 for ⌽10 template strand 2-AP DNA (Fig. 1) . Ultrafast cleavage and deprotection methods provided by Glen Research were used for 2-AP DNA synthesis.
Synthetic promoter DNAs were purified by denaturing polyacrylamide gel electrophoresis (18% polyacrylamide and 4.4 M urea); the DNAs were visualized by UV shadowing and electroeluted using an Elutrap apparatus (Schleicher & Schuell). The concentration of DNA was determined from absorbance measurements at 260 nm in TE buffer containing 8 M urea. The extinction coefficients of DNAs were calculated from their sequence and from the following extinction coefficients of the bases: dA, 15,200; dC, 7,050; dG, 12,010; dT, 8,400; 2-AP, 1,000 M Ϫ1 cm Ϫ1 (12) . The dsDNAs were prepared by annealing the template and nontemplate ssDNAs. To determine the exact 1:1 molar ratio of the complementary ssDNAs, a constant amount of template DNA (10 M) was titrated with increasing amounts of the nontemplate DNA (3-17 M). Duplex DNA formation was monitored by native polyacrylamide gel electrophoresis (18%) and DNA staining with Stains-all dye (Sigma Chemical Co.).
Rapid Chemical Quench-flow Experiments-The pre-steady-state kinetic assays were carried out using a rapid chemical quench-flow instrument (KinTek Corp., State College, PA) designed and built by Johnson (13) . All of the experiments were carried out at 25°C. The enzyme solution (in 50 mM Tris acetate, 100 mM sodium acetate, 10 mM magnesium acetate, and 5 mM dithiothreitol) in one syringe was mixed with [␥-32 P]GTP (ICN Biomedicals) ϩ GTP (Sigma Chemical Co.) (in 50 mM Tris acetate, 10 mM magnesium acetate, and 5 mM dithiothreitol) from a second syringe. The reactions were quenched with 1 N HCl from a third syringe after 5 ms to several seconds in the quench-flow apparatus. The quenched reactions were neutralized with 0.25 M Tris base and 1 M NaOH in the presence of chloroform. The RNA products were analyzed on a highly cross-linked 23% polyacrylamide, 3 M urea gel (the stock consisted of 40% acrylamide, 3% bisacrylamide). The substrate ([␥-32 P]GTP) and the product RNAs (correct and incorrect) differing by a single base were resolved on the gel and quantitated on a Betascope instrument (Betagen).
Stopped-flow Experiments-A stopped-flow instrument from KinTek Corp. was used for all stopped-flow experiments. The preincubated enzyme and 2-AP DNA solution in buffer (50 mM Tris acetate, 50 mM sodium acetate, 10 mM magnesium acetate, and 5 mM dithiothreitol) was loaded in one syringe, and GTP substrate solution in the same buffer was loaded in the other syringe. GTP binding was measured at 25°C by rapidly mixing 40-l solutions from each syringe of the stopped-flow instrument. The 2-AP fluorescence was excited at 315 nm (5-mm slit width), and emission was measured using a photomultiplier tube and a cut-on filter Ͼ360 nm (WG 360, Hi-Tech Scientific, serial no. 273129). Multiple traces (5-15) were averaged for each experiment to optimize the signal.
Data Analysis-The KinTek stopped-flow kinetic software was used to fit the stopped-flow kinetic traces to an equation describing single or multiple exponential changes,
where F is the fluorescence at time t; n is the number of exponential terms; A n and k obs,n are the amplitude and the observed rate constant of the nth term, respectively; and C is the fluorescence intensity at t ϭ 0.
RESULTS
We and others (1, 2) have shown that incorporation of 2-AP base, a fluorescent analog of dA, in the promoter DNA facilitates measurement of DNA binding to the RNA polymerase by stopped-flow kinetics. 2-AP nucleotide base pairs with dT, and its fluorescence is most sensitive to the stacking interactions of 2-AP base with the neighboring bases (14, 15) . In this study, we show that GTP binding to the E⅐2-AP DNA complex also leads to a change in 2-AP fluorescence. We have used this change in fluorescence to quantitate the transient kinetic interactions of initiating and elongating GTP with the E⅐D complex.
Synthetic T7 Promoter DNAs-The synthetic DNAs used in this study were 40 base pairs long and contained the natural T7 promoter DNA sequence from position Ϫ21 to ϩ19 relative to the transcription start site at ϩ1 of the ⌽10 promoter (Fig. 1) . The 2-AP bases were chemically incorporated at positions Ϫ3, Ϫ1, and ϩ4 in the nontemplate strand and Ϫ4 and Ϫ2 in the template strand in place of dA bases. The promoter DNA with normal dA bases was also synthesized for comparison.
Stopped-flow Kinetics of GTP Binding to E⅐⌽10 DNA-Sen and Dasgupta (16) have reported that there is a change in T7 RNA polymerase protein fluorescence upon the addition of GTP. The authors have reported that the GTP binds to T7 RNA polymerase in the absence of promoter DNA with a very tight K d of 25 nM. We wished to use this protein fluorescence change to measure the kinetics of GTP binding to the E⅐D complex, but we were unable to observe a time-dependent protein fluorescence change when E⅐D was mixed with GTP in a stopped-flow instrument. We interpret this to mean that either there is no protein fluorescence change when GTP binds to E⅐D, or the change is too fast for stopped-flow measurement. We have therefore used the 2-AP fluorescence change instead to measure the kinetics of GTP binding to the E⅐D complex. A preincubated E⅐2-AP ⌽10 promoter DNA from one syringe of the stopped-flow instrument was mixed with a solution of GTP in 10 mM magnesium acetate buffer from the other syringe. The resulting time-dependent increase in 2-AP fluorescence is shown in Fig. 2 . Two distinct kinetic phases were observed. To measure the kinetic rate constants of the fast phase as well as the slow phase accurately, data were collected in two time windows (Fig. 2) . The kinetics from 0 to 0.1 s fit to one exponential and provided the rate constant of the fast phase more accurately, whereas the kinetics from 0 to 1.0 s, which fit to two exponentials, provided the rate constant for the slow phase. The stopped-flow kinetics of GTP binding was repeated with increasing [GTP] to assign the fluorescence changes to specific steps in the kinetic pathway of transcription initiation. Fig. 3 shows the dependence of the first order rate constants of fluorescence increase on [GTP] .
The first order rate constant of the fast phase increased with SCHEME 1. Kinetic mechanism of the early steps of transcription initiation catalyzed by T7 RNA polymerase at the ⌽10 promoter DNA. The rate constants were measured at 25°C. (E⅐D) n represents the polymerase⅐DNA complex in different conformations. GTP E and GTP I represent the elongating and initiating GTP molecules incorporated at the ϩ2 and ϩ1 positions, respectively. increasing [GTP] and saturated beyond a certain [GTP] (Fig.  3A) . Because the observed rate constants did not increase linearly with [GTP] but saturated, GTP binding cannot be described by a simple one-step binding process. The observed kinetics indicates that GTP binds to the E⅐D complex in a two-step process (17) as shown below,
where (E⅐D) n represents the polymerase-promoter DNA complex in different conformations. Observation of only one fast phase and the saturation of the [GTP] dependence kinetics indicate that the first GTP association step is rapid equilibrium, which is followed by a slow conformational change. The [GTP] dependence fit to hyperbolic Equation 2 and provided the intrinsic equilibrium constant and rate constants of GTP binding. The hyperbolic fit provided the K d of GTP equal to 78 Ϯ 46 M (K 1/2 ), the forward rate constant k ϩ of 49 Ϯ 8 s Ϫ1 (maximum rate), and the reverse reaction rate constant k Ϫ of 11 Ϯ 9 s Ϫ1 (y intercept).
The first order rate constant of the second slow fluorescence change also increased with increasing [GTP] and saturated, but it required very high [GTP] for saturation (Fig. 3B) 
Kinetic Mechanism of Transcription Initiation
The data in Fig. 3B were described by the Equation 3 with a K d equal to 102,164 Ϯ 9,000 M 2 for two-GTP binding, the forward rate constant of the conformational change k ϩ equal to 7 Ϯ 0.2 s Ϫ1 , and a reverse rate constant k Ϫ equal to 0.13 Ϯ 0.1 s Ϫ1 . The average K d of 320 M was calculated for the GTP by taking the square root of the two-GTP K d value.
The Rate Constant of the Slow Conformational Change Is the Same as the Maximum Rate of pppGpG Synthesis-The above GTP binding stopped-flow kinetics alone do not allow us to assign the fast or the slow phase to specific steps in the kinetic mechanism. We have therefore compared the stopped-flow GTP binding kinetic data with the presteady-state kinetics of RNA synthesis which was measured by the radiometric gel assay. The presteady-state kinetics of RNA synthesis was measured under the same conditions as the stopped-flow experiments; that is, experiments were carried out in the presence of GTP alone. The experiments were conducted by mixing various concentrations of GTP ϩ [␥-32 P]GTP with 20 M E⅐D complex. The reactions were stopped in the millisecond to second time scale on the rapid chemical quench-flow instrument. The RNA products synthesized in the first turnover and a few of the subsequent turnovers were quantitated after their resolution on the sequencing gel. The major RNA products in this time scale were the 2-mer, 3-mer, and 4-mer. The resulting kinetics of total RNA synthesis at various [GTP] is shown in Fig. 4A . The presteady-state kinetics showed a burst of RNA synthesis, which was followed by RNA synthesis at a slower linear steadystate rate. The burst kinetics indicates that RNA is synthesized on the active site of the polymerase at a rate much faster than the recycling of the polymerase, which is required for catalysis of subsequent rounds of RNA synthesis. We have shown previously that the synthesis of pppGpG is slower than the synthesis of pppGpGpG (1). The [GTP] dependence of the burst rate constant therefore provides a measure of the maximum rate of pppGpG synthesis as well as the average K d of initiating and elongating GTP. When we compare the [GTP] dependence of RNA synthesis with the [GTP] dependence of the fluorescence changes measured by stopped-flow kinetics, it is the dependence of the slow phase which overlays quite well with the RNA synthesis data (Fig. 4B ). This correlation indicates that the slow fluorescence change corresponds to the pppGpG synthesis step, or at least its rate is limited by the pppGpG synthesis step.
Taken together the results thus far support the minimal kinetic mechanism shown in Reaction 3.
Binding of one GTP to the E⅐D complex is followed by a fast reversible conformational change. The binding of both GTPs is followed by a rate-limiting synthesis step or a rate-limiting step that dictates the synthesis of 2-mer RNA. The data thus far do not distinguish between the kinetics of the initiating and the elongating GTP binding. One way to measure the microscopic K d of the two GTPs that bind to the initiating and the elongating sites on the E⅐D complex is to saturate one of the sites and measure the interactions of the GTP with the other site. Because both sites are specific for GTP, we have used GMP to saturate the initiating binding site and thus measure the interactions of the GTP with the elongating site.
Stopped-flow Kinetics of GTP Binding in the presence of GMP-It has been
shown that GMP can serve as the initiating nucleotide for transcription initiation (18) . Stopped-flow kinetics of GTP binding were measured in the presence of a 750 M concentration of GMP, which is close to saturation, since the reported value of GMP K m is 330 M. The experiments were conducted by preincubating GMP with the E⅐D complex and rapidly mixing the solution with GTP in the stopped-flow apparatus. The resulting fluorescence changes were identical to those observed in the absence of GMP (Fig. 5A) ; thus, both fast and slow changes in fluorescence were observed upon GTP binding. The above experimental result and the fact that mixing of GMP alone with the E⅐D complex did not induce any fluorescence changes (data not shown) indicate that the observed fluorescence changes are the result of the binding of the elongating GTP. Increasing GMP from 500 M to 1,000 M did not change the rate constants of the two phases. This indicates that the GMP concentration used in the experiment was saturating. Furthermore, since an increasing concentration of GMP did not inhibit the rate of fluorescence changes, it indicates that GMP does not compete with GTP for binding at the ϩ2 position.
The stopped-flow kinetics of GTP binding in the presence of GMP were repeated at increasing [GTP] . The kinetics of the fast phase were very similar to those shown in Fig. 2B with GTP alone. However, the [GTP] dependence of the second slow phase was different, as shown in Fig. 5B 
Stopped-flow kinetics of GTP Binding to E⅐partially ds⌽10
DNA-To understand the origin of the first conformational change that occurs upon binding of the elongating GTP, experiments were carried out with the partially dsDNA promoter modified with 2-AP bases at positions Ϫ1 and Ϫ4 in the template strand. The partially dsDNA promoter was double stranded from Ϫ21 to Ϫ5 (Fig. 1) , but the initiation and the coding regions were single stranded, thus it mimics an already open promoter. A representative time course of 2-AP fluorescence change upon mixing E⅐partially ds⌽10 DNA with GTP is shown in Fig. 6A . GTP binding to E⅐D resulted in a time-dependent decrease in 2-AP fluorescence in the partially dsDNA promoter. The fluorescence change was, however, slow ( Because the first fast phase fluorescence change, which corresponds to the first reversible step, was not observed with the partially dsDNA promoter, either the rates of the reversible step are too fast to measure with the partially dsDNA promoter, or this step is absent in the already open promoter. The GTP binding kinetics (Fig. 6A) at the partially dsDNA promoter also showed a second slow fluorescence change. This change was slow relative to the rate of pppGpG synthesis and may therefore represent fluorescence changes caused by subsequent steps such as poly(G) formation.
DISCUSSION
The efficiency of transcription at a given promoter is determined by a number of factors including protein-DNA interactions during the initial binding of the RNA polymerase to the promoter region and the efficiency of initiation and promoter clearance. Whereas the interactions between the polymerase and the promoter DNA have been studied to some extent, very little is known about the kinetic mechanism of initiation and promoter clearance. Using presteady-state kinetics we have shown that T7 RNA polymerase binds to the promoter DNA with diffusion-limited rate constants, and promoter opening is a fast step relative to the rate of RNA synthesis during initiation (1, 5) . The studies also showed that RNA synthesis during transcription initiation was limited by steps between promoter melting and pppGpG synthesis. In the present study, we investigate steps between DNA melting and pppGpG synthesis including initiating and elongating GTP binding and accompanying conformational changes in more detail using stoppedflow kinetics.
We have used 2-AP-containing ⌽10 promoter DNA to investigate the kinetics of initiating and elongating GTP binding because no intrinsic protein fluorescence change was observed upon GTP binding to the E⅐D complex. Because GTP binding occurs at a very fast rate, the kinetic experiments were carried out on a stopped-flow instrument. The dA bases in both the template and the primer strands of the ⌽10 promoter DNA were substituted with the fluorescent 2-AP base at several positions in the initiation region (Ϫ4 to ϩ4). The reason for using multiple substitution was to increase the sensitivity of measurement. It is possible that the 2-AP bases at the various sites on the promoter sense different steps during transcription initiation. However, promoters containing 2-AP in the template strand alone, at positions Ϫ2 and Ϫ4, provided the same kinetics of fluorescence changes upon GTP binding (data not shown). Studies with singly 2-AP-base substituted promoters is desirable and may even provide more detailed information about the early steps during transcription initiation. However, here we can assume that all of the 2-AP bases report the same steps in the kinetic pathway.
Rapid mixing of GTP with the E⅐D resulted in a time-dependent change in 2-AP fluorescence, whose exponential rate constant was dependent on [GTP] . The analysis of the GTP binding kinetics indicated presence of two conformational changes that accompanied GTP binding (Scheme 1). A fast reversible step was observed upon one GTP binding, and a slow almost irreversible step occurred after two GTP molecules were bound. The [GTP] dependence and the rates of the second slow fluorescence change were the same as the kinetics of pppGpG synthesis, which were measured by the radiometric rapid quench-flow experiments. This correlation allowed us to assign the second fluorescence change to the chemistry step or more likely a rate-limiting conformational change that occurs before synthesis of pppGpG.
We wished to dissect the interactions of the initiating and the elongating GTP molecules with the E⅐D complex. Because the initiation site on the ⌽10 promoter contains the sequence GG, both sites are specific for GTP. The kinetics of GTP binding cannot provide the microscopic interactions of the two sites for GTP. Structural studies of T7 RNA polymerase have suggested two separate NTP binding sites for the initiating and elongating positions (19, 20) . The elongating NTP site makes close contacts with amino acids from the very COOH-terminal region of the polymerase, whereas the initiating NTP site makes contact with amino acids in the NH 2 -terminal domain. It has been shown that the 5Ј-triphosphate of the initiating NTP is not required for transcription initiation by T7 RNA polymerase. Thus GMP and guanosine can serve as the initiating nucleotides (18) .
The kinetics of NTP binding to the initiation site can be studied by measuring the stopped-flow kinetics of GMP or guanosine binding. However, we saw no change in 2-AP fluorescence upon GMP binding, indicating that the k on and k off rate constants of GMP binding must be very fast or that GMP binding does not induce any fluorescence changes in the 2-APsubstituted DNA. To dissect the intrinsic binding constants and kinetics of initiating and elongating sites, we measured the stopped-flow kinetics of GTP binding to the elongating site while the initiating site was saturated with GMP. Although the initiating site was saturated with GMP, we observed the same fast and slow fluorescence changes upon GTP binding. This suggested that both fluorescence changes were the result of GTP binding at the elongating site. In the absence of GMP, the slow fluorescence change showed a [GTP] 2 dependence, because this change occurred after both sites were occupied with GTP. However, when one site was saturated with GMP, the rate changed as a function of [GTP] in a hyperbolic manner, and the K 1/2 provided the K d of GTP binding at the elongating site. From the kinetics of fluorescence changes accompanying GTP binding in the absence and in the presence of GMP, we were able to dissect the affinities of GTP for the initiating and the elongating sites. The minimal mechanism of the early stages of transcription initiation at the ⌽10 promoter DNA is shown in Scheme 1. The elongation site was found to bind GTP with at least a 10-fold higher affinity than the initiation site. The binding of GTP E was accompanied by a reversible conformational change, and a second rate-limiting conformational occurred after both GTP E ϩ GTP I were bound. 
Kinetic Mechanism of Transcription Initiation
We cannot assign the observed conformational changes to specific structural changes in the protein and/or the DNA accompanying binding of the GTPs. We know, however, that it is the fluorescence of the 2-AP base in the DNA which changes upon GTP binding. The 2-AP fluorescence is known to increase upon base unstacking, which may accompany open complex formation (21) (22) (23) (24) . Thus, the observed increases in fluorescence of 2-AP DNA upon GTP binding may either represent a global change in the protein⅐DNA complex or a specific change in the DNA alone, such as promoter DNA opening. GTP binding studies with partially dsDNA promoter that is already open provided some new insights. Stopped-flow GTP binding experiments with the partially dsDNA promoter showed only the second slow phase. The absence of the reversible conformational change accompanying GTP E binding to the partially dsDNA promoter suggests that this step is either too fast to measure or is absent in the already open promoter. The first reversible step may therefore indeed be DNA melting or a structural change in DNA such as DNA bending or twisting, which leads to the unstacking of bases. Furthermore, stoppedflow experiments with incorrect NTP binding such as ATP binding did not lead to any fluorescence changes (data not shown). This indicates that this first reversible conformational change occurs only upon correct base pairing.
The second slow fluorescence change was observed with both the fully dsDNA as well as the partially dsDNA. The kinetics of the fluorescence changes with both DNAs showed the same [GTP] 2 dependence, and the maximum rate was same as the rate of pppGpG synthesis. The rate of the second fluorescence change is therefore controlled either by a rate-limiting conformational change or the rate of phosphodiester bond formation reaction. An analogous rate-limiting conformational change has been proposed for a number of DNA polymerases (6, 8, 9) and for human immunodeficiency virus type 1 reverse transcriptase based on radiometric assays (7). Here we provide more direct evidence for a similar conformational change in the RNA polymerase⅐DNA complex by measuring fluorescence changes in the DNA. Because the second slow conformational change occurs after both the initiating and elongating sites are occupied, its role may be in proper alignment of the two GTPs for efficient bond formation reaction. As postulated with the DNA polymerases (25) , this conformational change along with the first reversible step may play a role in assuring high fidelity of RNA synthesis. All of the intrinsic equilibrium constants and the rate constants, such as GTP binding and the rates of the conformational changes, are likely to be highly sensitive to the promoter sequence. Thus, comparative studies and measurement of these constants with other T7 promoters will allow us to understand better the mechanism of transcription regulation at the level of these elementary steps.
